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Abstract 
 
The FeSr2YCu2O6+δ compound with the tetragonal Ba2YCu3O6+δ-type structure exhibits superconductivity around 60 K and 
antiferromagnetism around 20 K, only after the reduction annealing and subsequent oxidization annealing.  The reduction annealing 
causes the transition from the disorder to the order of Cu and Fe perpendicularly to the CuO2 sheet, and the oxidization annealing 
causes the supply of oxygen onto the oxygen-deficient FeOδ sheet.  Although the onset Tc is almost independent of the reduction-
annealing temperature, Ta, the zero-resistance Tc is dependent on Ta.  The compound reduction-annealed at 780oC has the highest 
zero-resistance Tc value.  The neutron diffraction study indicates that the reduction annealing at 780oC causes the highest degree of 
order of Cu and Fe while the oxygen content, 6+δ, is independent of of Ta. The subtle difference of order of Cu and Fe affects the 
electrical conductivity because of much lower critical current density than other high-Tc superconductors.   
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1. Introduction 
  
Superconductivity and magnetic order coexist in RuSr2GdCu2O8, which is a suitable compound for understanding 
the interplay between superconductivity and magnetic order [1].  This compound exhibits a ferromagnetic order of the 
Ru ion at 133 K and superconductivity at 16 K through a careful sample preparation process.  Meanwhile, 
FeSr2YCu2O6+δ has the same structure as RuSr2GdCu2O8 with the substitution of the magnetic element Fe for Ru.  
Although FeSr2YCu2O6+δ was expected to exhibit superconductivity, the as-sintered FeSr2YCu2O6+δ compound did not 
exhibit superconductivity due to the substitution of Fe on the CuO2 sheets [2, 3].  However, FeSr2YCu2O6+δ exhibits 
superconductivity around 60 K only after proper reduction annealing and subsequent oxidization annealing [4, 5].  The 
reduction annealing causes an order of Cu and Fe, and the oxidization annealing supplies enough carrier onto the CuO2 
sheets to exhibit superconductivity [5].  The superconducting FeSr2YCu2O6+δ compound also exhibits an 
antiferromagnetic order below 20 K [6].   
Neutron diffraction study at high temperature indicates that FeSr2YCu2O6+δ undergoes a structural transition at 
700oC from a tetragonal to an orthorhombic phase in the reduction atmosphere [7].  While the low-temperature phase 
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has the tetragonal Ba2YCu3O6+δ-type structure (space group P4/mmm) [5], the high-temperature phase has the 
orthorhombic CoSr2YCu2O7-type structure (space group Ima2) [8].  Figure 1 shows both crystal structures.  The 
formation of the FeO4 tetrahedron in the orthorhombic structure causes the order of Cu and Fe to prevent the 
substitution of Cu in the FeO4 tetrahedron.  Once the order of Cu and Fe is formed, it is kept after subsequent 
oxidization annealing.  Recently, we have discovered that the zero-resistance Tc changed by the reduction-annealing 
temperature, Ta, although the onset Tc does not, regardless of the same oxidization annealing.  Therefore, it is possible 
that the difference of Ta causes the degree of the order of Cu and Fe, and/or the change of the oxygen content, 6+δ.  
However, it is difficult to analyze the distribution of Cu and Fe to the crystallographic sites and the oxygen content in 
FeSr2YCu2O6+δ by X-ray diffraction study.  To investigate the above problem, we performed a high-resolution neutron 
powder diffraction study of the superconducting FeSr2YCu2O6+δ compounds.   
 
 
 
Fig. 1.  Crystal structure of (a) tetragonal and (b) orthorhombic phase in FeSr2YCu2O6+δ.  Orthorhombic structure has 
the superstructure with the unit cell of √2a x √2a x c whereas tetragonal structure has the unit cell of a x a x c.   
 
2. Experimental 
 
The samples were prepared by the solid-state reaction.  The stoichiometric mixture of Fe2O3, SrCO3, Y2O3 and 
CuO powders was calcined at 950oC for 24 h in air, ground, and then pressed into pellets.  The pellets were sintered at 
950oC for 24 h in air.  After sintering, the samples were subsequently reduction-annealed at 720–820oC for 24 h in an 
N2 flow, oxidization-annealed at 300oC for 24 h in an O2 flow, and, finally, at 350oC for 24 h in high oxygen pressure 
around 190 atm.  Temperature dependence of the electrical resistivity was measured by the standard four-probe 
method.  Neutron powder diffraction data were taken using a time-of-flight (TOF) high-resolution powder 
diffractometer, iMATERIA (Ibaraki Material Design Diffractometer) [9] at the Japan Proton Accelerator Research 
Complex, J-PARC, and were analyzed by the Rietveld refinement program Z-Rietveld [10].  The crystal structure of 
the samples was analyzed on the basis of the tetragonal Ba2YCu3O6+δ-type structure model (see Fig. 1 (a) and Table 1) 
[5].  Preliminary structural refinements revealed that the O(1) atom was shifted from the 2f site at (0, 1/2, 0) to a 
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twofold split 4n site at (x, 1/2, 0) in all samples.  Therefore, the 4n site was assigned for the O(1) site in the final 
refinements.   
 
3. Results and discussion 
 
Figure 2 shows temperature dependence of resistivity of the samples reduction-annealed at 720–820oC.  While the 
onset Tc, Tconset, does not change so much by the difference of the reduction-annealing temperature, Ta, as compared to 
the zero-resistance Tc, Tczero, only the samples reduction-annealed between 760oC and 800oC exhibit zero resistance.  
Tczero is strongly dependent on Ta and the sample reduction-annealed at 780 oC has the highest Tczero value.   
 
Table 1. Structure model of FeSr2YCu2O6+δ based on the tetragonal  
Ba2YCu3O6+δ-type structure (space group P4/mmm, Z = 1).  
 
 Atom Site x y z 
 Sr 2h 1/2 1/2 zSr 
 Y 1d 1/2 1/2 1/2 
 Cu(1),Fe(1) 1a 0 0 0 
 Cu(2),Fe(2) 2g 0 0 zCu(2),Fe(2) 
 O(1) 4n x 1/2 0 
 O(2) 2g 0 0 zO(2) 
 O(3) 4i 0 1/2 zO(3) 
 
 
 
 
Fig. 2.  (a) Temperature dependence of resistivity of the superconducting FeSr2YCu2O6+δ samples with various 
reduction-annealing temperature, Ta.  (b) Dependence of the onset Tc , Tconset, and the zero-resistance Tc, Tczero, on 
Ta.   
 
The results of the Rietveld refinements indicates that the lattice parameters, a and c, are dependent on Ta and have 
the minimum values at 780oC (a = 0.381768(1), c = 1.13533(1) nm). To analyze the order of Cu and Fe, we refined 
the occupation factors at four sites, which were assigned for Cu and Fe: 1a sites for Cu(1) and Fe(1), and 2g sites for 
Cu(2) and Fe(2) (see Table 1).  These occupation factors, g, have the linear constraints due to the nominal composition 
and symmetry: gCu(1) + 2 gCu(2) =2, gFe(1) + 2 gFe(2) = 1, gCu(1) + gFe(1) = 1 and gCu(2) + gFe(2) = 1.  Therefore, only one of 
the g values was refined, and the other g values were calculated from it.  Moreover, the occupation factor at the O(1) 
site was also refined.  The final R factors for the all samples in the Rietveld refinements were low enough to support 
the tetragonal Ba2YCu3O6+δ-type structure model.  Figure 3 shows dependence of the occupation factors at the Cu(1), 
Cu(2) and O(1) sites, gCu(1), gCu(2) and gO(1), on Ta.  Although the gO(1) value is almost constant, the gCu(1) and gCu(2) 
values are dependence on Ta.  The gCu(1) value has the minimum and the gCu(2) value has the maximum at 780oC.  
Because the oxygen atom at the O(1) site causes supplying the carrier onto the superconducting CuO2 sheets, the 
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almost constant gO(1) value indicates that the carrier density on the CuO2 sheets does not change by the change of Ta.  
Meanwhile, the degree of the order of Cu and Fe is dependent on Ta because of the change of gCu(1) and gCu(2).  The 
amount of the substitution of Fe on the CuO2 sheets in the sample reduction-annealed at 780oC is the smallest, and the 
degree of the order of Cu and Fe decreases above and below 780oC.  Therefore, the substitution of Fe on the CuO2 
sheets affects the electrical conductivity.  The magnetization curve of the superconducting FeSr2YCu2O6+δ sample 
shows much lower critical current density than that of other high-Tc superconductors [11].  There are some reports that 
the substituted Fe atoms are not distributed homogeneously and form the linear clusters in Ba2Y(Cu1-yFey)3O6+δ, which 
is the related compound to FeSr2YCu2O6+δ [12,13].  It is possible that also in FeSr2YCu2O6+δ the Fe atom forms the 
linear clusters, which play a role as the weak link and that it affects superconductivity.   
 
 
 
Fig. 3.  (a) Dependence of the occupation factors of Cu at the Cu(1) and Cu(2) sites, gCu(1) and gCu(2) on the 
reduction-annealing temperature, Ta.  (b) Dependence of the occupation factor of oxygen at the O(1) site, gO(1), and 
the oxygen content, 6+δ, on Ta.  The 6+δ value is estimated from the formula, 6 + δ = 6 + 4gO(1).   
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